Abstract-An optimized processing route for formation of the Bi-2223 phase, from a highly reactive precursor powder, is of obvious importance in achieving a high J, in powder-in-tube (PIT) tapes, Here, we report the dependence of the SQUID susceptibility signal on the phase content and heat-treatment of the Bi-2223 precursor powders. Magnetic susceptibilities as measured by SQUID reveal differences in the powder quality not seen by x-ray powder diffraction. In particular, Bi-2223 detection is enhanced using the SQUID. The rate of phase transformation to the 2223 phase in various precursor powders exhibiting significantly different SQUID signals will be discussed.
I. INTRODUCTION Since the discovery of high-T, superconductivity in the YBa-Cu-O system, much work has been carried out on this and related systems towards understanding the physical properties and the underlying mechanisms. These materials have potential applications in diverse areas such as power transmission, generation of high magnetic fields and devices for biomedical use. The Bi-Sr-Ca-Cu-0 family has been especially promising due to the high superconducting transition temperatures in the Bi2Sr2CaCu208 system (also known as the 2212 or the low-T, phase) and Bi2Sr2Ca2Cu3OI0 system (2223 or the high-T, phase). However, these compositions usually coexist with several other phases depending on the temperature, starting compositions and conditions of synthesis [l] . Thus, for synthesis of these phases, an understanding of the phase relations and phase diagrams is essential [2] .
Towards practical applications, it is desirable to have the superconducting material in the form of a wire or a tape. Due to the brittle nature of the high-T, superconductors, they need to be produced as metal-clad tapes, silver being the metal of choice. In the powder-in-tube (PIT) method used for the production of tapes, the precursor powder is filled into a silver tube and subjected to a series of mechanical deformations and heat treatments [3] until a tape with the desired superconducting characteristics is obtained.
However, overprocessing of the tape can result in a degradation of the superconducting properties due to decomposition of the 2223 phase [4] . It is therefore desirable to begin the processing with a partially processed and highly reactive precursor powder. Repeated and controlled mechanical and thermal processing of tape allows the transformation of the precursor to the final 2223 phase. it is our goal to understand the phase transformations which take place under different conditions of synthesis and the role of various phases, including the role of the plumbate phases and small amounts of 2223 phase in the conversion of the precursor to the final product.
In an earlier work, a comparative study of the synthesis of (Bi,Pb)-2223 powders through different methods was undertaken [5] . It was found that the powders prepared by spray pyrolysis undergo the fastest transformation from the (Bi,Pb)-2212 phase to the (Bi,Pb)-2223 phase. In this paper, we report a two-step process where we use (Bi,Pb)-22 12 as a precursor and transform it into (Bi,Pb)-2223. The first step involves the synthesis of (Bi,,Pb,)Sr2CaCu20, compositions. In the second step, we attempt to transform each sample to the nominal composition (Bi, ,Pbo 4)SrI &a2 2Cu3 20, (which we choose as the (Bi,Pb)-2223 phase) through a series of heat treatments. The phase conversion is monitored by the dependence of the magnetization on phase content as well as the heat treatments.
EXPERIMENTAL
Samples of the series (Bi2.,Pb,)Sr2CaCu20, (0 5 x I 0.5) were synthesized by the solid state reaction method. Stoichiometric amounts of Bi203, PbO, SrC03, CaCOj and CuO were ground and reacted at 815°C in air for a total of 168 h with an intermediate grinding after every 24 h. The powders were then pelletized and heated for a further duration of 24 h at the same temperature also in air. The nominal composition (Bil.7Pbo.4)Srl.8Ca2.zCu3.20z was chosen for the final product. Each of the (Biz. xPbx)Sr2CaCu20, compositions was then brought to this formula with the addition of the required amounts of the starting materials. After thorough grinding, the samples were then subjected to three heat treatments at 842°C for 24 h each, with intermediate grindings.
After each heating step, x-ray diffractograms were recorded on a Scintag diffractometer. Magnetization measurements were performed on a SQUID magnetometer (Quantum Design). It is now known that the solubility of Pb depends on the temperature of synthesis. Maximum solubility has been reported to be at 850°C with the solubility decreasing with increasing or decreasing temperature [ 11. At the temperature of synthesis of the present study, the 2212 phase is the dominant phase. The 9-1 1-5 phase [9] and Ca2Pb04 are the main secondary phases. The characteristic peaks of the 9-1 1-5 phase, which occur around 28 = 30", are marked by an arrow in Fig. 1 . It can be seen from the figure that with increasing Pb, the volume fraction of the 9-1 1-5 phase decreases, as evidenced by the decrease in the intensity of the characteristic reflections. However, for x 2 0.3, the Ca2Pb04 phase starts to grow (increase in the reflection around 28 = 1 SO).
In the initial stages of the heat treatments, the 2201 phase (nominal composition Bi2Sr2Cu06) is present in all the compositions. After 72 h at 8 15"C, the volume fraction of this phase decreases drastically. In order to study the evolution of the (Bi,Pb)-2212 phase, we have monitored the peak area ratio A~2i2/(A2212+A2201) where A2201 and A22i2 are the areas of the (1 13) and the (1 15) reflections of the 2201 and 2212 phases respectively. After 72 h of heating, this ratio reaches a value of about 0.9 and remains more or less constant with increased heating times. Another observation is that with increasing Pb, the amount of the 2201 phase decreases even for lower durations of heating time. Fig. 2 shows the temperature variation of the magnetization for the (Biz.,Pbx)SrzCaCuzO, compositions. While the onset of the superconductivity is in the range 72-80 K, the transition temperatures T, are in the range 52-64 K. (The peak in dM/dT is taken as the T,). We observe that as the nominal Pb content increases from 0.3 to 0.5, the T, increases. The combined effect of varying Pb and oxygen content within the 2212 grains as the nominal Pb content increases results in an enhancement of T,. This variation might also be due to the slightly differing amounts of the secondary phases in the compositions.
Although not apparent from the plots of the temperature variation of magnetization (Fig. 2) , a small amount of the (Bi,Pb)-2223 phase is present in all the compositions. This can be seen from the plots of dM/dT, shown in Fig. 3 . The small peak in each composition around 110 K indicates the studied for conversion into the (Bi,Pb)-2223 phase by the two-step process. presence of the (Bi,Pb)-2223 phase showing differences in the powder quality which is not apparent from the x-ray diffractograms. It can also be seen that for the composition with x = 0.2, the magnitude of this peak is larger compared to the other compositions, indicating that the volume fraction of the (Bi,Pb)-2223 phase is larger for this composition.
B. Conversion to the (Bi,Pb)-2223 phase
In the second part of the study, we attempt to convert each of the (Bi,Pb)-22 12 compositions into the composition with the nominal formula (Bi, ,Pbo 4)Sr1.8Ca2 2Cu3.20z. The required nominal amounts of extra Bi203, PbO, SrC03, CaC03 and CuO were added to each of the (Bi,Pb)-2212 compositions so as to produce a final sample of the above 2223 stoichiometry These mixtures were then subject to three treatments at 842°C in air for 24 h each. X-ray diffractograms were recorded after each heating step. The growth of the 2223 phase was monitored by the peak area ratio A2223/[A2212+A2223] where A2223 is the area of the (115) reflection of the 2223 phase. (The earlier definition of is used here). Fig. 4 shows the peak area ratio after the second and third treatments at 842OC as a function of Pb content. From this figure, it can be seen that the conversion rate of the samples with x = 0.2 and 0.5 is the fastest. It can also be seen that the peak area ratio is slightly greater for x = 0.5 as compared to x = 0.2. However, both compositions were found to contain small amounts of the 2201 and the Ca2Pb04 phases. In fig. 5 , we show the x-ray diffractograms of x = 0.2 and 0.5 after the conversion. By comparing the relative intensities of the secondary phase (including the peaks at ca 17.5 degrees 2 theta) it is found that the composition for x = 0.2 contains the smallest amount of secondary phases. Thus, the composition Bil 8Pbo 2Sr2CaCu20y appears more suitable amongst those The observations from the XRD study are reinforced by those from the magnetization measurements. Fig. 6 shows the temperature variation of magnetization after conversion to the (Bi,Pb)-2223 phase. The transition around 110 K is due to the high-T, phase whereas the one at lower temperatures is due to the low-T, phase. The compositions with x = 0, 0.1, 0.3 and 0.4 show two-step transitions with comparable heights, while those with x = 0.2 and 0.5 show predominantly the high-T, phase. Again, this plot shows that the sample with x = 0.2 is the best in the present study. 
IV. CONCLUSIONS
We have synthesized compositions of the series (Bi2.,Pb,)Sr2CaCu20, and have studied the transformation to the (Bi,Pb)-2223 phase using x-ray diffraction and SQUID measurements. It is seen that the composition with x = 0.2 has the fastest transformation rate in air. The volume fraction of the high-T, phase in the starting compositions (as detected by the SQUID signal) and also the initial phase assembly seem to be the important factors for the transformation. According to the model suggested by Grivel and Fliikiger [lo] ,[ 111, the (Bi,Pb)-2223 phase forms not due to a layer-bylayer intercalation in the pre-existing (Bi,Pb)-22 12 grains but through a distinct nuleation and growth process. Thus, the slightly larger volume fraction of the (Bi,Pb)-2223 phase present in the x = 0.2 composition at the end of the first step might be a reason for the faster conversion rate of this composition. However, it can be seen from Fig. 3 that the magnitude of the derivative signal for x = 0.5 is smaller compared to x = 0.2. Still, this sample also shows a rate of conversion comparable to x = 0.2. Thus the amount of Pb incorporated into the lattice and also the initial phase assembly, including the intial amounts of plumbates present, seem to be important factors for conversion to the 2223 phase.
